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Clinical PerspectiveWhat Is New?This natural history study demonstrates that systolic dysfunction occurs at 30 to 45 months in golden retriever muscular dystrophy (GRMD) dogs, and circumferential strain is sensitive in early disease detection.Regions of late gadolinium enhancement in GRMD were identified and corresponded to those of Duchenne muscular dystrophy, with evidence of earlier involvement of the anterior septum in GRMD.A multiparametric cardiac scoring system was developed to provide a standardized index of disease severity regardless of age, and tibiotarsal joint tetanic flexion torque was progressively lost in tandem with a decline of cardiac function, establishing a relationship between skeletal and cardiac muscle.What Are the Clinical Implications?The natural history of GRMD cardiomyopathy largely parallels that of patients with Duchenne muscular dystrophy, further validating GRMD as a preclinical model for therapeutic studies.The multiparametric cardiac and cardiomyopathy scores allow our findings to be extrapolated to GRMD colonies worldwide and to facilitate preclinical therapeutic testing.

Introduction {#jah34317-sec-0008}
============

Duchenne muscular dystrophy (DMD) is an X‐linked recessive disorder affecting ≈1 of 3500 to 5000 male births. Mutations in the *DMD* (dystrophin) gene lead to loss of dystrophin protein at the muscle cell membrane and progressive loss of appendicular, respiratory, and cardiac muscle function.[1](#jah34317-bib-0001){ref-type="ref"}, [2](#jah34317-bib-0002){ref-type="ref"}, [3](#jah34317-bib-0003){ref-type="ref"} With implementation of more aggressive respiratory supportive care over the past few decades, cardiac failure has supplanted respiratory disease as the major cause of death in DMD. Currently, many patients with DMD die in their third or fourth decade because of progressive cardiomyopathy.[4](#jah34317-bib-0004){ref-type="ref"}, [5](#jah34317-bib-0005){ref-type="ref"} Although the exact pathogenesis and distribution of cardiac lesions in DMD cardiomyopathy are not completely defined, lesions tend to begin in the left ventricular (LV) posterior basal wall and progress to a dilated cardiomyopathy.[3](#jah34317-bib-0003){ref-type="ref"}, [6](#jah34317-bib-0006){ref-type="ref"}, [7](#jah34317-bib-0007){ref-type="ref"} Many therapeutic approaches for DMD have been proposed, with some being assessed in preclinical models or in clinical trials. However, because of the late onset of cardiomyopathy in DMD, the assessment of therapeutic benefits and complications remains challenging.[8](#jah34317-bib-0008){ref-type="ref"} To better understand the cardiac effects of potential new therapies, further studies in animal models are needed.[9](#jah34317-bib-0009){ref-type="ref"}, [10](#jah34317-bib-0010){ref-type="ref"}

Genetically homologous conditions of DMD have been characterized in mice, rats, dogs, and other animal species.[11](#jah34317-bib-0011){ref-type="ref"}, [12](#jah34317-bib-0012){ref-type="ref"}, [13](#jah34317-bib-0013){ref-type="ref"}, [14](#jah34317-bib-0014){ref-type="ref"}, [15](#jah34317-bib-0015){ref-type="ref"}, [16](#jah34317-bib-0016){ref-type="ref"} The 2 main animal models for DMD are *mdx* mice and golden retriever muscular dystrophy (GRMD) dogs. Whereas *mdx* mice develop a relatively mild form of cardiomyopathy,[17](#jah34317-bib-0017){ref-type="ref"} GRMD dogs have a late‐onset and more severe form of dilated cardiomyopathy,[18](#jah34317-bib-0018){ref-type="ref"}, [19](#jah34317-bib-0019){ref-type="ref"} similar to that in people.[20](#jah34317-bib-0020){ref-type="ref"}, [21](#jah34317-bib-0021){ref-type="ref"} Several studies, mostly limited to young dogs, described characteristics of GRMD cardiomyopathy using different methodologies, including pathology, electrocardiography, and echocardiography.[18](#jah34317-bib-0018){ref-type="ref"}, [19](#jah34317-bib-0019){ref-type="ref"}, [22](#jah34317-bib-0022){ref-type="ref"}, [23](#jah34317-bib-0023){ref-type="ref"}, [24](#jah34317-bib-0024){ref-type="ref"} However, given the limited number of dogs evaluated in these studies and the inherent phenotypic variation of GRMD, the natural history of cardiomyopathy in dystrophic dogs remains poorly defined. Moreover, advanced imaging techniques like cardiac magnetic resonance (CMR) have rarely been assessed in GRMD dogs. Accordingly, no clear consensus has been reached on preclinical imaging markers to track disease progression.

The goal of this study was to define the timeline of disease progression and appropriate disease markers of GRMD cardiomyopathy by assessing echocardiography and CMR in a group of adult dystrophic dogs.

Materials and Methods {#jah34317-sec-0009}
=====================

The data, analytic methods, and study materials will be made available to other researchers for scientific purposes on reasonable request sent to the corresponding author.

All dogs in this study were cared for and assessed according to principles outlined in the National Research Council\'s Guide for the Care and Use of Laboratory Animals. Studies were approved by the institutional animal care and use committees at the University of North Carolina at Chapel Hill and Texas A&M University.

Study Animals {#jah34317-sec-0010}
-------------

The study included a total of 24 GRMD dogs from a colony at the University of North Carolina at Chapel Hill that was subsequently moved to Texas A&M University. The GRMD genotype was suspected based on elevated serum creatine kinase and confirmed by genotyping, as described previously.[10](#jah34317-bib-0010){ref-type="ref"}, [25](#jah34317-bib-0025){ref-type="ref"} Dogs ranged from 9 to 86 months in age. Both hemizygous male (n=15) and homozygous female (n=9) affected dogs were studied. Based on our previous skeletal muscle function data[26](#jah34317-bib-0026){ref-type="ref"} and some preliminary unpublished cardiac results, hemizygous male and homozygous female dogs have a similar phenotype of the disease. Accordingly, data in this study were not assessed separately based on sex.

All imaging data were collected from 2012 to 2016 and then assessed retrospectively. Two echocardiography studies were performed, one at a single time point and another at 2 ages 12 months apart. In a third study, dogs were studied with CMR at a single time point. Imaging modalities varied among dogs, so animal numbers differed across the 3 studies (Figure [1](#jah34317-fig-0001){ref-type="fig"}).

![Groups of golden retriever muscular dystrophy dogs for different imaging procedures and techniques. CMR indicates cardiac magnetic resonance imaging; LV, left ventricle; LGE, late gadolinium enhancement.](JAH3-8-e012443-g001){#jah34317-fig-0001}

Echocardiography {#jah34317-sec-0011}
----------------

### Single‐time‐point study {#jah34317-sec-0012}

Dogs were assessed by echocardiography without sedation. GE Vivid 9 (GE Healthcare) and Siemens Antares (Siemens Medical Solutions USA) ultrasound machines were used. Dogs were transported and rested in the imaging room at least 10 minutes before the scans and then were gently restrained in a lateral recumbent position. Scans were performed in a quiet environment to limit stress artifact. Standard canine echocardiographic scans were performed for 2‐dimensional B‐mode, M‐mode, Doppler flow, and tissue Doppler imaging. Right parasternal short‐ and long‐axis views, left apical 4‐ and 5‐chamber views, and a subxiphoid view were recorded for further analyses. All scans from the GE Vivid 9 were imported to a GE EchoPAC workstation (GE Healthcare) for image analysis. Scans from the Siemens Antares were analyzed directly on the machine. M‐mode analysis was performed in the right parasternal short‐axis view at the level of the papillary muscles to measure wall thickness, chamber diameter, and fractional shortening (FS). M‐mode results were normalized for the dog\'s body mass (kg)[27](#jah34317-bib-0027){ref-type="ref"} to evaluate LV chamber size and myocardial wall thickness ([Data S1](#jah34317-sup-0001){ref-type="supplementary-material"}). LV end‐diastolic volume (LVEDV), LV end‐systolic volume (LVESV), and ejection fraction (EF) were measured from the right parasternal long‐axis view using the modified Simpson rule.[28](#jah34317-bib-0028){ref-type="ref"} Mitral valve E and A wave velocities were measured from the left apical 4‐chamber view using pulsed‐wave Doppler at the level of the mitral valve tips. Maximal velocity at the aortic valve was measured from the subxiphoid or left apical 5‐chamber view using pulsed‐ or continuous‐wave Doppler. The left atrial/aortic root ratio was measured from the right parasternal short‐axis basal view using Rishniw and Erb\'s method.[29](#jah34317-bib-0029){ref-type="ref"} Tissue Doppler imaging was performed at the lateral and septal mitral annulus in the apical 4‐chamber view to measure the myocardial systolic and diastolic velocities during the cardiac cycle. Isovolumic relaxation time was measured from the subxiphoid view using continuous‐wave Doppler or measured from tissue Doppler imaging. The mid‐LV short‐axis view, at the level of the papillary muscles, was used for speckle tracking to measure average and segmental circumferential strain and strain rate. All echocardiographic parameters were calculated from an average of 3 to 5 cardiac cycles. To ensure data consistency and accuracy, the speckle‐tracking measurements of circumferential strain and strain rate were obtained only from the GE Vivid 9 machine.

### Longitudinal study {#jah34317-sec-0013}

A separate study assessed dogs with echocardiography at 2 time points, 12 months apart, using a protocol similar to the one described. Scans were all performed on the Siemens Antares ultrasound machine and then imported into Siemens Syngo Velocity Vector Imaging software (Siemens Medical Solutions) for analysis. Average and segmental circumferential strain and strain rate, as well as EF, were measured and then used for comparison.

CMR Imaging {#jah34317-sec-0014}
-----------

Dogs were premedicated intramuscularly with atropine sulfate (0.04 mg/kg) followed by acepromazine maleate (0.02 mg/kg) and butorphanol tartrate (0.4 mg/kg), masked with sevoflurane (4--5%) to allow intubation, and then maintained under anesthesia with sevoflurane (2--3%) during the scanning period. Premedications were avoided during induction in dogs with signs of congestive heart failure. All CMR scans were performed on a 3‐T magnetic resonance imaging machine (Siemens 3T Magnetom Verio; Siemens Medical Solutions) with dogs in a dorsal recumbent position. A cardiac dedicated surface coil was used with ECG or pulse‐oximetry gating systems. Breath hold or a free breathing sequence was selected based on the dog\'s anesthetic status. Three long‐axis (2‐, 4‐, and 3‐chamber) views and a series of short‐axis views, from the LV base to apex, were scanned using FLASH (fast low‐angle shot) imaging or TrueFISP (true fast imaging with steady‐state free precession) sequences to generate the cine images. Late gadolinium enhancement (LGE) imaging was performed 10 minutes after injecting 0.2 mmol/kg gadolinium intravenously. The 2‐ and 4‐chamber long‐axis and LV short‐axis views were collected using a phase‐sensitive inversion recovery sequence for LGE imaging.

All CMR images were imported to a Siemens Syngo workstation (Siemens Medical Solutions) for further analysis. LV short‐axis cine views were selected for LV functional analysis. The 4‐chamber view was used to define the LV basal level for short‐axis slices. End‐diastolic and end‐systolic stages in the cardiac cycle were identified from the short‐axis views. Regions of interest were manually drawn by following the endocardial and epicardial edges in all short‐axis views at the end‐diastolic and end‐systolic stages. LVEDV, LVESV, stroke volume, EF, and myocardial mass at end‐diastole were analyzed using Siemens Argus software (Siemens Medical Solutions). To obtain the indexed values, CMR data were normalized for body surface area (BSA), calculated from body mass using a standard canine BSA equation[30](#jah34317-bib-0030){ref-type="ref"}: BSA in m^2^=10.1×(weight in g)^2/3^/10 000.

### Semiquantitative analysis of LGE {#jah34317-sec-0015}

A semiquantitative method was developed to assess LGE lesions in CMR. We identified 16 myocardial segments from the short‐axis LGE images by modifying American Heart Association standards for myocardial segmentation.[31](#jah34317-bib-0031){ref-type="ref"} The apex was excluded because of imaging overlap between the apex and sternum. The degree of LGE in the 16 myocardial segments was scored from 0 to 2 ([Data S1](#jah34317-sup-0001){ref-type="supplementary-material"}) to indicate enhancement levels ranging from none (dark and black, 0) to either intermediate (gray, 1) or marked (bright and white, 2). Higher scores indicated segments were more enhanced by gadolinium, suggesting extracellular matrix expansion secondary to myocardial fibrosis. The LGE scores and myocardial segments were used for further analysis.

Statistical Analysis {#jah34317-sec-0016}
--------------------

Statistical analysis was performed using JMP Pro 12 software. For the single‐time‐point study, dogs were divided into 3 age groups (\<30, 30 to 45, and \>45 months), and relevant values were compared using the Kruskal--Wallis test. If significance was found in the Kruskal--Wallis test, the Dunn test was used to identify the groups that differed significantly. Spearman correlation coefficients were used to assess correlation between age and different echocardiographic and CMR parameters. In the echocardiographic longitudinal study, the Wilcoxon signed rank test was used to compare circumferential strain, strain rate, and EF between the 2 time points. *P*\<0.05 was considered statistically significant in all studies.

Results {#jah34317-sec-0017}
=======

Animal Groups {#jah34317-sec-0018}
-------------

Three groups of GRMD dogs were evaluated in different imaging studies (Figure [1](#jah34317-fig-0001){ref-type="fig"}). Nineteen dogs (14 male, 5 female) aged 17 to 86 months (median: 33 months) were included in the single‐time‐point echocardiographic study using 2 different ultrasound machines ([Table S1](#jah34317-sup-0001){ref-type="supplementary-material"}). Ten dogs (6 males aged 22 months; 2 males and 2 females aged 10 months) were imaged longitudinally 12 months apart for circumferential strain, strain rate, and EF measurements. Seventeen dogs (9 male, 8 female) aged 9 to 77 months (median: 22 months) were included in the CMR study. Images from 14 dogs (7 male, 7 female) aged 9 to 77 months (median: 22 months) were of sufficient quality to allow LV functional analysis in CMR. Three dogs were excluded because of inappropriate ECG gating or imaging orientation. The degree of LGE was assessed in 15 dogs (8 male, 7 female) aged 17 to 77 months (median: 30 months). Two dogs did not have sufficient LGE quality to allow assessment.

Echocardiographic Findings in Different Age Groups {#jah34317-sec-0019}
--------------------------------------------------

For the single‐time‐point study, GRMD dogs were divided into 3 age groups: \<30 months (n=7), 30 to 45 months (n=7), and \>45 months (n=5; [Table S2](#jah34317-sup-0001){ref-type="supplementary-material"}). LVEDV, LVESV, LV internal diameter in diastole, and LV internal diameter in systole were increased at \>45 versus \<30 months (*P*=0.02, *P*=0.013, *P*=0.013, and *P*=0.008, respectively). LVEDV was also increased at \>45 versus 30 to 45 months (*P*=0.04). To accommodate the differences in the dogs' body sizes, LVEDV, LVESV, and stroke volume were normalized for BSA ([Data S1](#jah34317-sup-0001){ref-type="supplementary-material"}), to obtain the indexed values. LVEDV index (LVEDVI) was higher at \>45 versus \<30 and 30 to 45 months (*P*=0.03 for both). LVESV index (LVESVI) was higher at \>45 versus \<30 and 30 to 45 months (*P*=0.02 and *P*=0.04, respectively). Body mass--normalized LV internal diameters in diastole and systole were higher at \>45 versus \<30 months (*P*=0.03 and *P*=0.02, respectively). EF and FS were decreased at \>45 versus \<30 months (*P*=0.004 and *P*=0.02, respectively). Mitral valve A wave velocity was increased at \>45 versus 30 to 45 months (*P*=0.04), with an associated lower E/A ratio (mitral valve E wave to A wave ratio) (*P*=0.03). The E/Em ratio (ratio of the mitral valve E wave to early diastolic myocardial velocity in tissue Doppler imaging) at the LV lateral wall was higher at \>45 versus \<30 months (*P*=0.02). The E/Em ratio at the LV septum was higher at both 30 to 45 and \>45 versus \<30 months (*P*=0.011 and *P*=0.04).

Correlations Between Echocardiographic Variables and Age {#jah34317-sec-0020}
--------------------------------------------------------

The correlations between echocardiographic variables and age are shown in Table [1](#jah34317-tbl-0001){ref-type="table"}. Values that correlated negatively with age, consistent with a decline in systolic function over time, included FS (ρ=−0.6991; *P*\<0.001), EF (ρ=−0.7866; *P*\<0.001), and peak systolic myocardial velocity at the LV lateral wall in tissue Doppler imaging (ρ=−0.6813; *P*=0.007). Average circumferential strain and circumferential strain rate worsened (values became less negative) in older dogs, resulting in a positive correlation with age (ρ=0.7654 and ρ=0.7244; *P*=0.006 and *P*=0.011). With additional segmental strain analysis, there was a positive correlation between age versus circumferential strain and strain rate of the anteroseptal segment (ρ=0.6970 and ρ=0.7973; *P*=0.02 and *P*=0.003). The circumferential strain rate of the inferior segment also showed positive correlation with age (ρ=0.6849; *P*=0.02). LVEDVI, LVESVI, and normalized LV internal diameters in diastole and systole correlated positively with age (ρ=0.6359, ρ=0.7203, ρ=0.5937, and ρ=0.6690, respectively; *P*=0.003, *P*\<0.001, *P*=0.007, and *P*=0.0017, respectively). E/Em at the LV lateral and septal walls (ρ=0.7062 and ρ=0.8384; *P*\<0.001 for both) and isovolumic relaxation time (ρ=0.6530; *P*=0.03) all positively correlated with age, whereas LV lateral wall peak early diastolic myocardial velocity and ratio of peak early/late diastolic myocardial velocity in tissue Doppler imaging correlated negatively (ρ=−0.4653 and ρ=−0.5529, respectively; *P*=0.04 for both).

###### 

Correlation Between Age (months) and Echocardiographic and CMR Variables

  Variable                                                                Spearman ρ   *P* Value
  ----------------------------------------------------------------------- ------------ ------------------------------------------------
  Echocardiography[a](#jah34317-note-0003){ref-type="fn"}                              
  Heart rate, beats/min                                                   −0.1810      0.46
  FS, %                                                                   −0.6991      \<0.001[f](#jah34317-note-0008){ref-type="fn"}
  LA/Ao[b](#jah34317-note-0004){ref-type="fn"}                            0.5240       0.10
  EF, %                                                                   −0.7866      \<0.001[f](#jah34317-note-0008){ref-type="fn"}
  AV V~max~, m/s                                                          0.1928       0.43
  IVRT[b](#jah34317-note-0004){ref-type="fn"}, ms                         0.6530       0.03[d](#jah34317-note-0006){ref-type="fn"}
  MV E velocity, m/s                                                      0.2808       0.24
  MV A velocity, m/s                                                      0.4250       0.07
  E/A ratio                                                               −0.1709      0.48
  TDI Em (LV lateral), m/s                                                −0.4653      0.04[d](#jah34317-note-0006){ref-type="fn"}
  TDI Am (LV lateral), m/s                                                0.2904       0.31
  TDI Sm (LV lateral), m/s                                                −0.6813      0.007[e](#jah34317-note-0007){ref-type="fn"}
  Em/Am ratio (LV lateral)                                                −0.5529      0.04[d](#jah34317-note-0006){ref-type="fn"}
  TDI Em (LV septal), m/s                                                 −0.3539      0.18
  TDI Am (LV septal), m/s                                                 0.0897       0.79
  TDI Sm (LV septal), m/s                                                 −0.5329      0.09
  Em/Am ratio (LV septal)                                                 −0.4055      0.22
  E/Em (LV lateral)                                                       0.7062       \<0.001[f](#jah34317-note-0008){ref-type="fn"}
  E/Em (LV septal)                                                        0.8384       \<0.001[f](#jah34317-note-0008){ref-type="fn"}
  Circ strain[b](#jah34317-note-0004){ref-type="fn"}, average, %          0.7654       0.006[e](#jah34317-note-0007){ref-type="fn"}
  Anterior, %                                                             0.4475       0.17
  Anteroseptal, %                                                         0.6970       0.02[d](#jah34317-note-0006){ref-type="fn"}
  Inferoseptal, %                                                         0.4237       0.19
  Inferior, %                                                             0.2100       0.54
  Inferolateral, %                                                        0.3326       0.32
  Anterolateral, %                                                        0.1913       0.57
  Circ strain rate[b](#jah34317-note-0004){ref-type="fn"}, average, 1/s   0.7244       0.011[d](#jah34317-note-0006){ref-type="fn"}
  Anterior, 1/s                                                           0.4282       0.19
  Anteroseptal, 1/s                                                       0.7973       0.003[e](#jah34317-note-0007){ref-type="fn"}
  Inferoseptal, 1/s                                                       0.5148       0.11
  Inferior, 1/s                                                           0.6849       0.02[d](#jah34317-note-0006){ref-type="fn"}
  Inferolateral, 1/s                                                      0.2733       0.42
  Anterolateral, 1/s                                                      0.4612       0.15
  BSA normalization                                                                    
  LVEDVI, mL/m^2^                                                         0.6359       0.003[e](#jah34317-note-0007){ref-type="fn"}
  LVESVI, mL/m^2^                                                         0.7203       \<0.001[f](#jah34317-note-0008){ref-type="fn"}
  SV index, mL/m^2^                                                       0.1108       0.65
  Body mass normalization                                                              
  IVSd‐n, cm/kg                                                           0.2219       0.36
  LVIDd‐n, cm/kg                                                          0.5937       0.007[e](#jah34317-note-0007){ref-type="fn"}
  LVPWd‐n, cm/kg                                                          0.1591       0.52
  IVSs‐n, cm/kg                                                           −0.1347      0.58
  LVIDs‐n, cm/kg                                                          0.6690       0.0017[e](#jah34317-note-0007){ref-type="fn"}
  LVPWs‐n, cm/kg                                                          0.0757       0.76
  LA‐n[b](#jah34317-note-0004){ref-type="fn"}, cm/kg                      0.4920       0.12
  Ao‐n[b](#jah34317-note-0004){ref-type="fn"}, cm/kg                      −0.2970      0.38
  CMR[c](#jah34317-note-0005){ref-type="fn"}                                           
  Heart rate, beats/min                                                   −0.4175      0.1375
  EF, %                                                                   −0.7766      0.0011[e](#jah34317-note-0007){ref-type="fn"}
  BSA normalization                                                                    
  LVEDVI, mL/m^2^                                                         0.7567       0.0017[e](#jah34317-note-0007){ref-type="fn"}
  LVESVI, mL/m^2^                                                         0.7146       0.004[e](#jah34317-note-0007){ref-type="fn"}
  SV index, mL/m^2^                                                       −0.2987      0.30
  Myo mass index, g/m^2^                                                  0.7412       0.002[e](#jah34317-note-0007){ref-type="fn"}

Am indicates late diastolic myocardial velocity; Ao‐n indicates normalized aortic diameter; AV V~max~, maximal velocity at aortic valve; BSA, body surface area; Circ, circumferential; CMR, cardiac magnetic resonance; E/A ratio, ratio of mitral valve E wave to A wave; E/Em, ratio of the mitral valve E wave to early diastolic myocardial velocity in tissue Doppler imaging; EF, ejection fraction; Em, early diastolic myocardial velocity; FS, fractional shortening; IVRT, isovolumic relaxation time; IVSd‐n, normalized interventricular septum in diastole; IVSs‐n, normalized interventricular septum in systole; LA/Ao, left atrial to aortic root ratio; LA‐n, normalized left atrial diameter; LV lateral, left ventricular lateral wall; LV septal, left ventricular septal wall; LVEDVI, left ventricular end‐diastolic volume index; LVESVI, left ventricular end‐systolic volume index; LVIDd‐n, normalized left ventricular internal diameter in diastole; LVIDs‐n, normalized left ventricular internal diameter in systole; LVPWd‐n, normalized left ventricular posterior wall in diastole; LVPWs‐n, normalized left ventricular posterior wall in systole; MV A, mitral valve A wave; MV E, mitral valve E wave; myo, myocardial; Sm, systolic myocardial velocity; SV, stroke volume; TDI, tissue Doppler imaging.

Nineteen dogs in a single‐time‐point echocardiographic study were included for analysis.

The LA, Ao, IVRT, and strain analytic results were collected only from the 11 dogs using the GE Vivid 9 ultrasound machine.

Fourteen dogs in a single‐time‐point CMR study were included for analysis.

*P*\<0.05.

*P*\<0.01.

*P*\<0.001.

Timeline of Systolic Dysfunction {#jah34317-sec-0021}
--------------------------------

To understand the timeline of systolic dysfunction, we used data from EF, FS, and LVESVI to obtain age correlation fit splines (Figure [2](#jah34317-fig-0002){ref-type="fig"}). Smoothing fit splines, with λ=0.05 and *R* ^2^\>75%, were obtained to best fit the data points and the trending of each variable. The splines were also used to predict the values at different ages. A more dramatic change of splines was found around the 30‐ to 45‐month period for EF, FS, and LVESVI. Phenotypic variation and the number of older dogs influenced the accuracy of splines at older ages. We used spline fitting because it allows sections of data to be represented in a piecewise fashion (spline curve) compared with linear regression, which considers the data set as a whole.[32](#jah34317-bib-0032){ref-type="ref"}, [33](#jah34317-bib-0033){ref-type="ref"} In comparing the 2 approaches (not shown), spline better fit the data points, especially at the age of \<45 months, allowing us to more accurately predict the onset of systolic dysfunction. Importantly, spline could potentially overfit segments of the line derived from few data points, so the disease course predicted for older dogs must be interpreted cautiously.

![Regressions of age vs EF,FS, and LVESVI in echocardiography shown by fit splines. Data from 19 golden retriever muscular dystrophy dogs in the single‐time‐point echocardiographic study demonstrate correlations between age and EF,FS, and LVESVI. Age correlated negatively with EF and FS (ρ=−0.7866 and ρ=−0.6991; *P*\<0.001 for both), and positively with LVESVI (ρ=0.7203; *P*\<0.001). The smoothing fit splines (λ=0.05; *R* ^2^\>75%) were obtained to best fit the data points and predict the values at different ages. The splines showed a more dramatic change around the 30 to 45 month period (gray color area). The blue, red, and green color regions represent the confidence of fit. Phenotypic variation and low numbers of older dogs influenced the accuracy of splines later in the disease course. The black dash lines represent the clinical cut off values of systolic dysfunction (EF of 55% in DMD;EF of 40%, FS of 27%, and LVESVI of 55 mL/m^2^ in canine dilated cardiomyopathy). Based on the fit splines, EF fell to 53.78% at age 34 months and to 38.82% at age 43 months. FS fell to 26.82% at 35 months. LVESVI increased to 57.29 mL/m^2^ at 44 months. Taken together, our results indicate that systolic dysfunction occurs between 30 to 45 months of age. EF indicates ejection fraction; FS, fractional shortening; LVESVI, left ventricular end‐systolic volume index.](JAH3-8-e012443-g002){#jah34317-fig-0002}

Both the generally accepted standard of EF \<55% in DMD patients[34](#jah34317-bib-0034){ref-type="ref"}, [35](#jah34317-bib-0035){ref-type="ref"}, [36](#jah34317-bib-0036){ref-type="ref"} and EF \<40% in canine dilated cardiomyopathy[37](#jah34317-bib-0037){ref-type="ref"} were assessed, with EF falling to 53.78% at 34 months of age and 38.82% at 43 months. The value for FS fell to 26.82%, below the generally accepted level of \<27% used to define systolic dysfunction in humans and dogs,[36](#jah34317-bib-0036){ref-type="ref"}, [38](#jah34317-bib-0038){ref-type="ref"} at 35 months. LVESVI increased to 57.29 mL/m^2^, beyond the value of \>55 mL/m^2^ used to define systolic dysfunction in canine dilated cardiomyopathy,[28](#jah34317-bib-0028){ref-type="ref"} at 44 months of age. Fitting these collective results to our age groups, systolic dysfunction occurred between 30 to 45 months of age.

Longitudinal Comparison of Circumferential Strain and Strain Rate Versus EF {#jah34317-sec-0022}
---------------------------------------------------------------------------

In our longitudinal study, average circumferential strain and EF showed a trend (*P*=0.06 for both) toward worsening over the 12‐month period in the 10 GRMD dogs. We further separated the 10 dogs into 2 groups based on the age of the first echocardiography examination, either 10 months (n=4) or 22 months (n=6; Figure [3](#jah34317-fig-0003){ref-type="fig"}). Circumferential strain did not differ over the 12‐month period in dogs imaged initially at 10 months but did worsen (values became less negative) significantly in the 22‐month group (*P*=0.03). In contrast, neither EF nor circumferential strain rate differed in either age group over the 12‐month period (*P*\>0.05 for all). Taken together, these data suggest that circumferential strain is more sensitive than EF and circumferential strain rate in early disease detection.

![Changes of average circumferential strain, strain rate, and EF in the longitudinal study. The 10 dogs in the study were separated into 2 groups based on age at the first echocardiographic examination, either 10 months (n=4) or 22 months (n=6). In the 10‐month group, no difference was found in circumferential strain (*P*=0.88) (**A**), circumferential strain rate (*P*=0.63) (**C**), and EF (*P*=0.25) (**E**) over the 12‐month period. In the 22‐month group, circumferential strain showed a significant change (*P*=0.03) at 34 months (**B**), whereas neither EF (*P*=0.31) (**F**) nor circumferential strain rate (*P*=0.84) (**D**) differed over the 12‐month period, suggesting that circumferential strain is more sensitive than EF and strain rate in early disease detection at the age of 22 to 34 months. \**P*\<0.05. EF indicates ejection fraction.](JAH3-8-e012443-g003){#jah34317-fig-0003}

We further compared the segmental circumferential strain and strain rate in the 2 age groups ([Table S3](#jah34317-sup-0001){ref-type="supplementary-material"}). In the 10‐month group, neither circumferential strain nor strain rate differed over the 12‐month period for any of the segments (*P*\>0.05 for all). In the 22‐month group, although circumferential strain of the anteroseptal and inferior segments worsened (*P*=0.03 for both), the circumferential strain rate did not differ for any of the segments (*P*\>0.05 for all).

Comparison of LV Function in CMR Between Age Groups {#jah34317-sec-0023}
---------------------------------------------------

As in the single‐time‐point echocardiographic study, the dogs were divided into 3 age groups for CMR LV functional analysis ([Table S4](#jah34317-sup-0001){ref-type="supplementary-material"}): \<30 months (n=8), 30 to 45 months (n=4), and \>45 months (n=2). Values of LVEDV, LVESV, and myocardial mass were higher at \>45 versus \<30 months (*P*=0.04, *P*=0.049, and *P*=0.03, respectively). Body weight, BSA, EF, and BSA‐indexed values of LVEDV (LVEDVI) and myocardial mass at end‐diastole differed among the age groups with the Kruskal--Wallis test (*P*=0.02, *P*=0.02, *P*=0.045, *P*=0.045, and *P*=0.03, respectively) but not with the Dunn test (*P*\>0.05). Values for BSA‐indexed LVESV (LVESVI) did not differ (*P*\>0.05) among the age groups. The lower EF values in CMR were likely due to the suppressive effect of general anesthesia.[39](#jah34317-bib-0039){ref-type="ref"}, [40](#jah34317-bib-0040){ref-type="ref"}

Correlations Between CMR Variables and Age {#jah34317-sec-0024}
------------------------------------------

Correlations between CMR variables and age are listed in Table [1](#jah34317-tbl-0001){ref-type="table"}. We found EF correlated negatively with age (ρ=−0.7766; *P*=0.0011), consistent with declining cardiac function. LVEDVI, LVESVI, and index of myocardial mass at end‐diastole all positively correlated with age (ρ=0.7567, ρ=0.7146, and ρ=0.7412, respectively; *P*=0.0017, *P*=0.004, and *P*=0.002, respectively), in keeping with progressive dilated cardiomyopathy.

Myocardial Lesions and LGE {#jah34317-sec-0025}
--------------------------

In this study, we analyzed LGE scores from the dogs by using 2 different approaches.

### Approach 1: LGE‐heart {#jah34317-sec-0026}

We calculated the mean LGE score (LGE‐heart) from 16 myocardial segments of each dog: $$\text{LGE‐heart} = (\text{LGE\ score\ of\ segment}\, 1 + 2 + 3\ldots + 16)/16$$

The LGE‐heart value represented the mean LGE score of each dog\'s heart. LGE‐heart was further correlated with the age of the 15 dogs imaged with LGE. LGE‐heart positively correlated with age (ρ=0.7794; *P*\<0.001). We also correlated LGE‐heart with EF from the 12 dogs that had sufficient imaging quality for EF measurements. LGE‐heart negatively correlated with EF (ρ=−0.8225; *P*=0.0010). Taken together, LGE heart, age, and EF were all correlated (Figure [4](#jah34317-fig-0004){ref-type="fig"}A).

![LGE during disease progression. **A**, Correlations between LGE‐heart, age, and EF. LGE‐heart represents the mean LGE score of each dog\'s heart (n=15). Data point colors reflect EF values of different golden retriever muscular dystrophy dogs (n=12). Three dogs that did not have sufficient image quality for EF measurements are shown as unfilled circles. LGE‐heart correlated positively with age (ρ=0.7794; *P*\<0.001) and negatively with EF (ρ=−0.8225; *P*=0.0010). Taken together, LGE‐heart, age, and EF were all correlated. Older dogs showed higher LGE‐heart scores, in accordance with lower EF values. **B**,LGE progression among myocardial segments. LGE‐segment for 3 age groups are shown in grayscale to indicate the severity of LGE lesions. Darker shades indicate greater LGE, likely reflecting a more severe myocardial lesion. The degree of LGE became more severe and diffuse with age, as disease progressed. The left ventricle (LV) anteroseptal and lateral to inferior regions showed greater enhancement, likely reflecting regions more affected by the fibrosis. EF indicates ejection fraction; LGE, late gadolinium enhancement.](JAH3-8-e012443-g004){#jah34317-fig-0004}

### Approach 2: LGE‐segment {#jah34317-sec-0027}

To determine the distribution of myocardial lesions across different LV segments, we divided the 15 dogs into the same 3 age groups: \<30 months (n=7), 30--45 months (n=5), and \>45 months (n=3). We further calculated the mean LGE score for each myocardial segment (LGE‐segment; 1--16). For instance, in the \<30‐month group, the equation for segment 1 was:$$\text{LGE‐seg1} = (\text{LGE\ score\ of\ segment\ 1\ in\ dog}\, 1 + 2 + 3\ldots + 7)/7$$

LGE‐segment for the 16 myocardial segments was calculated for each age group, and these results were transformed into grayscale images (Figure [4](#jah34317-fig-0004){ref-type="fig"}B). Using this method, the LV anteroseptal and lateral to inferior regions had greater enhancement, consistent with more marked fibrosis. The basal and mid‐LV anteroseptal segments (segments 2 and 8) also showed early enhancement at \<30 and 30 to 45 months. Overall, the distribution and severity of LGE lesions gradually increased over time in all myocardial segments.

### Pathological assessment {#jah34317-sec-0028}

Eight dogs were humanely euthanized within 7 days of the imaging assessment and necropsies were performed. These pathological findings are part of a separate comprehensive natural history study of GRMD cardiac pathology (unpublished data: S.M. Schneider, DVM, PhD and J.N. Kornegay, DVM, PhD, 2019). Based on our pathological findings, the extent of fibro‐fatty myocardial lesions generally corresponded with the imaging results (Figure [5](#jah34317-fig-0005){ref-type="fig"}).

![Precontrast (**A**) and postcontrast (**B**) cardiac magnetic resonance images and gross (**C**) and histopathologic (**D**) sections from a 41‐month‐old male golden retriever muscular dystrophy dog. Areas of increased signal intensity, most likely representing combined pericardial and epicardial fat (blue arrows) were clearly seen in the postcontrast phase‐sensitive inversion recovery LGE image (**B**) and, to a lesser extent, in the precontrast FLASH image (**A**). Additional intramyocardial areas of increased signal intensity, reflecting LGE, could also be seen in the left ventricle (LV) inferior to lateral wall and anterior septum in panel B (yellow arrowheads). Corresponding areas of myocardial fatty deposition were not as obvious in the precontrast FLASH image in **A** and would be indistinguishable from fibrosis in **B**. The pathological sections in **C** (formalin‐fixed slice) and **D** (trichrome stain) were approximately at the same level as the images in **A** and **B**. Areas of peripheral pallor in **C** (blue arrows) and vacuolation in **D** (yellow arrowheads) correspond to the increased signal intensity seen in **A** and **B**. FLASH indicates fast low‐angle shot; LGE, late gadolinium enhancement.](JAH3-8-e012443-g005){#jah34317-fig-0005}

Scoring System for GRMD Cardiomyopathy: Cardiac Score and Cardiomyopathy Score {#jah34317-sec-0029}
------------------------------------------------------------------------------

Using echocardiography and CMR median values at 30 to 45 and \>45 months ([Tables S2 and S4](#jah34317-sup-0001){ref-type="supplementary-material"}), we established a multiparametric scoring system to assess the severity of cardiomyopathy (Table [2](#jah34317-tbl-0002){ref-type="table"}). A score of 0, 1, or 2, representing normal to increasing disease severity, was assigned for each parameter in the 3 categories of systolic function, diastolic function, and LV chamber enlargement. The systolic‐function score was based on the average score of EF, FS, and circumferential strain from echocardiography and EF from CMR. The diastolic function score was obtained using the average score of E/Em (LV lateral) and E/Em (LV septal). The LV enlargement score was based on the average score of LVEDVI, LVESVI, and normalized LV internal diameters in diastole and systole from echocardiography and LVEDVI and LVESVI from CMR. The sum of the systolic function score, the diastolic function score, and the LV enlargement score designated the cardiac score (range: 0--6), with higher values indicating more severe functional and morphological changes.

###### 

Criteria of Cardiac Scoring System

                                                                                                                                                                                                    Score 0    Score 1              Score 2
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------- -------------------- ---------
  Systolic function                                                                                                                                                                                                                 
  EF, %                                                                                                                                                                                             \>54       54 to \>35           ≤35
  FS, %                                                                                                                                                                                             \>33       33 to \>18           ≤18
  Circumferential strain, %                                                                                                                                                                         \<−24.24   −24.24 to \<−10.12   ≥−10.12
  EF from CMR, %                                                                                                                                                                                    \>35.95    35.95 to \>12.35     ≤12.35
  **Systolic function score (0--2)** = (Total score of EF and/or FS and/or Circ Strain and/or EF from CMR) / number of included markers                                                                                             
  Diastolic function                                                                                                                                                                                                                
  E/Em (LV lateral)                                                                                                                                                                                 \<6.50     6.50 to \<9.38       ≥9.38
  E/Em (LV septal)                                                                                                                                                                                  \<9.495    9.495 to \<11.25     ≥11.25
  **Diastolic function score (0--2)** = (Total score of LV lateral E/Em and/or LV septal E/Em) / number of included markers                                                                                                         
  LV enlargement[a](#jah34317-note-0010){ref-type="fn"}                                                                                                                                                                             
  LVEDVI, mL/m^2^                                                                                                                                                                                   \<44.71    44.71 to \<84.25     ≥84.25
  LVESVI, mL/m^2^                                                                                                                                                                                   \<17.90    17.90 to \<53.30     ≥53.30
  LVIDd‐n, cm/kg                                                                                                                                                                                    \<1.54     1.54 to \<1.94       ≥1.94
  LVIDs‐n, cm/kg                                                                                                                                                                                    \<1.02     1.02 to \<1.40       ≥1.40
  LVEDVI from CMR, mL/m^2^                                                                                                                                                                          \<66.21    66.21 to \<130.28    ≥130.28
  LVESVI from CMR, mL/m^2^                                                                                                                                                                          \<39.08    39.08 to \<114.80    ≥114.80
  **LV enlargement score (0--2)** = (Total score of LVEDVI and/or LVESVI and/or LVIDd‐n and/or LVIDs‐n and/or LVEDVI from CMR and/or LVESVI from CMR) / number of included markers                                                  
  **Cardiac score (0--6) = Systolic function score (0--2) + Diastolic function score (0--2) + LV enlargement score (0--2) Cardiomyopathy score (0--8) = Cardiac score (0--6) + LGE‐heart (0--2)**                                   

BSA indicates body surface area; CMR, cardiac magnetic resonance; E/Em, ratio of the mitral valve E wave to early diastolic myocardial velocity in tissue Doppler imaging; EF, ejection fraction; FS, fractional shortening; LGE‐heart, late gadolinium enhancement score of the heart; LV, left ventricular; LVEDV, left ventricular end‐diastolic volume; LVESV, left ventricular end‐systolic volume; LVEDVI, left ventricular end‐diastolic volume index; LVESVI, left ventricular end‐systolic volume index; LVIDd‐n, normalized left ventricular internal diameter in diastole; LVIDs‐n, normalized left ventricular internal diameter in systole.

LVEDVI and LVESVI are the indexed values after BSA normalization (LVEDV/BSA; LVESV/BSA). LVIDd‐n and LVIDs‐n are the values after body mass normalization using a specific method ([Data S1](#jah34317-sup-0001){ref-type="supplementary-material"}).

Cardiac scores were calculated for all 19 dogs (aged 17--86 months; 14 male, 5 female) in our single‐time‐point echocardiographic study. Nine of these 19 dogs (aged 17--77 months; 6 male, 3 female) had CMR LV functional data and 12 (aged 17--77 months; 8 male, 4 female) had CMR LGE data within 1 day of echocardiography. Using the Spearman correlation coefficient, we found that cardiac score correlated positively with age (n=19; ρ=0.8323; *P*\<0.001). Furthermore, the results of LGE‐heart highly and positively correlated with cardiac score (n=12; ρ=0.9437; *P*\<0.001; Figure [6](#jah34317-fig-0006){ref-type="fig"}A). Accordingly, a further score of 0 to 2 for LGE‐heart in CMR, reflecting the severity of myocardial fibrosis, was added to give an overall cardiomyopathy score of 0 to 8 in the 12 dogs with LGE‐heart results. Cardiomyopathy score correlated positively with age (n=12; ρ=0.8290; *P*\<0.001) and generally tracked with cardiac scores to represent both functional and fibrotic severity of cardiomyopathy in individual dogs (Figure [6](#jah34317-fig-0006){ref-type="fig"}B). As with data to determine the timeline for systolic dysfunction, smoothing fit splines (λ=0.05 and *R* ^2^\>80%) were used. Considering the scoring system in the context of the timeline for systolic dysfunction, at the ages of 30 to 45 months, the cardiac and cardiomyopathy scores were 1.39 to 4.65 and 2.19 to 6.61, respectively.

![Progression of cardiac scores (n=19) and cardiomyopathy scores (n=12). **A**, Cardiac score correlated positively with LGE‐heart (n=12; ρ=0.9437; *P*\<0.001). **B**, Cardiac and cardiomyopathy scores, shown by fit splines, both correlated positively with age (n=19 and n=12, respectively; ρ=0.8323 and ρ=0.8290, respectively; *P*\<0.001 for both) and generally tracked together with increasing severity of cardiac disease in individual dogs. The fit splines (λ=0.05; *R* ^2^\>80%) represent overall disease progression. Cardiac and cardiomyopathy scores were 1.39 to 4.65 and 2.19 to 6.61, respectively, at the age of 30 to 45 months (vertical black dashed lines). The blue and red regions represent the confidence of fit. Phenotypic variation and low numbers of older dogs influenced the accuracy of splines and widened the confidence of fit later in the disease course. LGE‐heart indicates the late gadolinium enhancement score of the heart.](JAH3-8-e012443-g006){#jah34317-fig-0006}

Correlations Between Cardiac and Skeletal Muscle Functions in GRMD {#jah34317-sec-0030}
------------------------------------------------------------------

To understand the relationship between cardiac function and skeletal muscle disease in GRMD, we compared our cardiac results with skeletal muscle measurements in dogs that had both tests within a period of 45 days. The skeletal muscle measurement was performed using established protocols[10](#jah34317-bib-0010){ref-type="ref"}, [41](#jah34317-bib-0041){ref-type="ref"} in unrelated studies. Skeletal muscle tests included body mass normalized tibiotarsal joint isometric tetanic extension and flexion torque and percentage of eccentric contraction decrement after 10 and 30 stretches. Overall, data from 11 dogs (aged 17--77 months; 9 male, 2 female) with both echocardiography and skeletal muscle measurements and 10 dogs (aged 9--77 months; 5 male, 5 female) with CMR and skeletal muscle measurements were analyzed using the Spearman correlation coefficient (Table [3](#jah34317-tbl-0003){ref-type="table"}). Normalized tetanic flexion torque negatively correlated with age (ρ=−0.7982; *P*=0.003; Figure [7](#jah34317-fig-0007){ref-type="fig"}) and cardiac score (ρ=−0.8246; *P*=0.002). Normalized tetanic flexion torque positively correlated with EF and FS from echocardiography (ρ=0.7123 and ρ=0.8128; *P*=0.014 and *P*=0.002) and EF from CMR (ρ=0.6848; *P*=0.03), in keeping with concurrent progressive skeletal muscle and cardiac disease. None of the values for normalized tetanic extension torque or eccentric contraction decrement after 10 or 30 stretches correlated with age or cardiac variables.

###### 

Correlation Among Skeletal Muscle Measurements, Age, and Cardiac Function Variables

  Variable[a](#jah34317-note-0012){ref-type="fn"}         Spearman ρ   *P* Value
  ------------------------------------------------------- ------------ ----------------------------------------------
  Body mass normalization                                              
  Normalized tetanic flexion torque, Nm/kg                             
  Age, mo                                                 −0.7982      0.003[d](#jah34317-note-0015){ref-type="fn"}
  EF, %                                                   0.7123       0.014[c](#jah34317-note-0014){ref-type="fn"}
  FS, %                                                   0.8128       0.002[d](#jah34317-note-0015){ref-type="fn"}
  EF from CMR, %[b](#jah34317-note-0013){ref-type="fn"}   0.6848       0.03[c](#jah34317-note-0014){ref-type="fn"}
  Cardiac score                                           −0.8246      0.002[d](#jah34317-note-0015){ref-type="fn"}
  Normalized tetanic extension torque, Nm/kg                           
  Age, mo                                                 0.0459       0.89
  EF, %                                                   −0.4932      0.12
  FS, %                                                   −0.1416      0.68
  EF from CMR, %[b](#jah34317-note-0013){ref-type="fn"}   0.0909       0.80
  Cardiac score                                           0.1367       0.69
  Eccentric contraction decrement                                      
  ECD1--10, %                                                          
  Age, mo                                                 0.3486       0.29
  EF, %                                                   −0.1142      0.74
  FS, %                                                   −0.0320      0.93
  EF from CMR, %[b](#jah34317-note-0013){ref-type="fn"}   0.4061       0.24
  Cardiac score                                           0.2916       0.38
  ECD1--30, %                                                          
  Age, mo                                                 0.1193       0.73
  EF, %                                                   0.1142       0.74
  FS, %                                                   −0.0228      0.95
  EF from CMR, %[b](#jah34317-note-0013){ref-type="fn"}   0.1394       0.70
  Cardiac score                                           −0.0228      0.95

CMR indicates cardiac magnetic resonance; ECD1--10, eccentric contraction decrement after 10 stretches; ECD1--30, eccentric contraction decrement after 30 stretches; EF, ejection fraction; FS, fractional shortening.

Eleven dogs in a single‐time‐point echocardiographic study were included for analysis.

Ten dogs in a CMR study were included for analysis.

*P*\<0.05.

*P*\<0.01.

![Correlations between body mass normalized tibiotarsal joint tetanic flexion torque, age, and EF from echocardiography (n=11). Data point colors reflect EF values of GRMD dogs. Normalized tetanic flexion torque negatively correlated with age (ρ=−0.7982; *P*=0.003) and positively correlated with EF (ρ=0.7123; *P*=0.014). Older GRMD dogs had lower tetanic flexion torque and EF values. EF indicates ejection fraction; GRMD, golden retriever muscular dystrophy.](JAH3-8-e012443-g007){#jah34317-fig-0007}

Discussion {#jah34317-sec-0031}
==========

With improved respiratory care, cardiomyopathy now accounts for the majority of DMD deaths.[42](#jah34317-bib-0042){ref-type="ref"} Studies in animal models are needed to better define the pathogenesis of cardiac involvement and evaluate treatment regimens. GRMD dogs generally have a more severe cardiac phenotype[18](#jah34317-bib-0018){ref-type="ref"}, [19](#jah34317-bib-0019){ref-type="ref"}, [22](#jah34317-bib-0022){ref-type="ref"}, [23](#jah34317-bib-0023){ref-type="ref"}, [24](#jah34317-bib-0024){ref-type="ref"} compared with *mdx* mice, in keeping with the progressive disease seen in DMD.[43](#jah34317-bib-0043){ref-type="ref"}, [44](#jah34317-bib-0044){ref-type="ref"} However, limited natural history studies are available in GRMD dogs, particularly beyond 1 year of age. In our current study, we defined the clinical course of GRMD cardiomyopathy by assessing echocardiography and CMR imaging in adult dystrophic dogs. Our study showed GRMD dogs have progressive cardiomyopathy characterized by LV systolic and diastolic dysfunction, LV chamber enlargement, myocardial strain abnormalities, and myocardial fibrosis similar to that seen in DMD.

Because of X‐linked inheritance, most DMD patients are boys and men. For the sake of the GRMD model, affected males are bred to carrier females, producing 25% each normal males, carrier females, and both dystrophic hemizygous males and homozygous females. A previous study from our laboratory did not show differences in skeletal muscle function between hemizygous male and homozygous female dogs.[26](#jah34317-bib-0026){ref-type="ref"} Similarly, in an as yet unpublished study (L.‐J. Guo, DVM, MS and J.N. Kornegay, DVM, PhD, 2019) of younger GRMD dogs from our laboratory, cardiac function did not differ between males and females. For the current study of adult dogs, fewer females were available for study; for instance, only 2 females versus 8 males were included in the longitudinal echocardiographic study. Our ability to distinguish a sex effect was further compounded by the fact that males and females were not age matched. Consequently, results from both sexes were analyzed together in this study.

We previously managed a number of adult GRMD dogs with clinical cardiac disease.[10](#jah34317-bib-0010){ref-type="ref"} Data from these and other affected dogs could potentially be used to compare the efficacy of different treatment regimens. Such studies would be facilitated if the approximate age at which systolic dysfunction occurred in GRMD were known. Using echocardiography, EF, FS, and circumferential strain were all sensitive for predicting the decline of LV function during disease progression. Furthermore, using multiple clinical standards of systolic dysfunction that are typically assessed in DMD and canine dilated cardiomyopathy, we found that systolic dysfunction in GRMD dogs tended to develop between 30 to 45 months of age. This period offers a window in which treatments could be tested in GRMD dogs in our breeding colony, just as we have used the age period of 3 to 6 months to assess therapies directed toward skeletal muscle.[10](#jah34317-bib-0010){ref-type="ref"} However, practical, largely financial, restraints exist in maintaining dogs until this age. For this reason, markers that can differentiate dystrophic and normal dogs at earlier ages are needed to facilitate preclinical testing. Preclinical studies would also be facilitated by standardizing categories of disease severity, as with the cardiac scoring system discussed later, instead of relying on the dog\'s absolute age.

Notably, several GRMD dogs in the \>45‐month group had signs of compromised systolic function, consistent with congestive heart failure in the late stages of cardiomyopathy. Not surprisingly, the cardiac phenotype of some affected dogs deviated from this pattern, consistent with variable heart disease seen in both DMD and GRMD. The progressive decline of systolic function over the 30‐ to 45‐month period, with an associated wider range of results, likely precluded reaching statistical significance when we compared EF and FS between the 2 younger age groups (\<30 versus 30 to 45 months). However, in our longitudinal study, circumferential strain appeared more sensitive than EF in identifying systolic dysfunction in GRMD, potentially allowing detection of disease as early as 22 to 34 months of age. These results parallel those from DMD boys,[34](#jah34317-bib-0034){ref-type="ref"}, [36](#jah34317-bib-0036){ref-type="ref"}, [45](#jah34317-bib-0045){ref-type="ref"}, [46](#jah34317-bib-0046){ref-type="ref"}, [47](#jah34317-bib-0047){ref-type="ref"}, [48](#jah34317-bib-0048){ref-type="ref"} who show early changes in circumferential strain followed by progressive systolic dysfunction. Myocardial strain measures are also known to precede systolic dysfunction in other inherited diseases, including hypertrophic cardiomyopathy,[49](#jah34317-bib-0049){ref-type="ref"} LV noncompaction,[50](#jah34317-bib-0050){ref-type="ref"} acquired cardiomyopathies secondary to myocarditis,[51](#jah34317-bib-0051){ref-type="ref"} and chemotherapy exposure.[52](#jah34317-bib-0052){ref-type="ref"} Furthermore, several studies have demonstrated a correlation between decreased strain measures and the presence of LGE in heart disease.[53](#jah34317-bib-0053){ref-type="ref"}, [54](#jah34317-bib-0054){ref-type="ref"}, [55](#jah34317-bib-0055){ref-type="ref"} Extending this work to segmental analysis, studies have shown that circumferential strain in young DMD patients differs from normal in the anteroseptal, inferior, and inferolateral segments.[45](#jah34317-bib-0045){ref-type="ref"} Our segmental strain analysis showed analogous early changes in circumferential strain of the LV anteroseptal and inferior wall. Taking these results together, this study not only identified the timing of systolic dysfunction in GRMD dogs but also validated multiple imaging markers to assess systolic function in the progression of GRMD cardiomyopathy.

We also identified a progressive decline in diastolic function with echocardiography, similar to that of DMD.[36](#jah34317-bib-0036){ref-type="ref"}, [56](#jah34317-bib-0056){ref-type="ref"} Most importantly, E/Em at the LV septal and lateral wall correlated positively with age, suggesting that this ratio could be a sensitive marker of diastolic dysfunction. A comparison among values from the 3 age groups also showed that MV A velocity was increased at \>45 months, with an associated decrease in E/A ratio. Similar results are seen in DMD patients,[36](#jah34317-bib-0036){ref-type="ref"} consistent with an increase of left atrial contraction to compensate for ventricular diastolic dysfunction. Although diastolic dysfunction is thought to predate systolic involvement in DMD,[56](#jah34317-bib-0056){ref-type="ref"} the limited number of dogs in our study precluded reaching a similar conclusion. Overall, our data suggest that application of Doppler flow and tissue Doppler imaging to track the E/Em provides a sensitive marker to longitudinally assess progression of diastolic dysfunction in GRMD.

In DMD and GRMD, availability of instrumentation and technical issues are important in cardiac assessment. Speckle tracking technology required to measure circumferential strain is usually included in advanced ultrasound machines. As an added advantage, circumferential strain provides direct measurement of myocardial motion, which is more sensitive for the subclinical phase in DMD.[36](#jah34317-bib-0036){ref-type="ref"} In contrast, postural changes in both dystrophic boys and dogs limit the acoustic window achieved with echocardiography. Ideally, EF, FS, and circumferential strain should all be measured during the scan, but these measurements may be difficult because of poor imaging quality in echocardiography. Postural restrictions are not a limitation with CMR,[57](#jah34317-bib-0057){ref-type="ref"} making it an attractive alternative.[34](#jah34317-bib-0034){ref-type="ref"}, [58](#jah34317-bib-0058){ref-type="ref"} In our study, EF from echocardiography and CMR both correlated well with age, suggesting that either technique is sufficiently sensitive to demonstrate disease progression. However, the necessity for anesthesia with CMR in dogs depresses EF, which complicated evaluation of systolic dysfunction in our study. The fact that CMR results have not been established in normal golden retrievers further limited interpretation. Accordingly, CMR will undoubtedly become an even more valuable technique for GRMD dogs when additional reference data are established.

GRMD dogs had progressive increases in BSA‐indexed LV chamber sizes on both echocardiography and CMR, consistent with dilated cardiomyopathy of DMD. Progressive ventricular dilation presumably occurs because of ongoing cardiac muscle degeneration, with associated congestion of the heart. Several GRMD dogs with cardiac chamber dilation also showed valvular regurgitation, mostly involving the mitral valve. This regurgitation further compromised congestive heart failure over the disease course. Despite these changes, LV wall thickness did not decrease until very late in the disease. As a result, the myocardial mass progressively increased during the disease process, in line with pathological eccentric hypertrophy.[59](#jah34317-bib-0059){ref-type="ref"} Importantly, in addition to changes in myocardial mass, fibrosis also affects cardiac function in this cardiomyopathy.

LGE is commonly used to identify myocardial fibrosis in DMD patients and tracks with cardiac functional parameters such as decreased EF.[60](#jah34317-bib-0060){ref-type="ref"} In principle, gadolinium persists in the extracellular matrix of fibrotic lesions longer than in normal tissue, causing persistent contrast enhancement in the CMR LGE images.[61](#jah34317-bib-0061){ref-type="ref"} As with DMD,[60](#jah34317-bib-0060){ref-type="ref"} the severity of LGE correlated with EF in GRMD dogs in this study. In DMD patients, LGE is first seen in the basal area at the LV inferolateral wall.[62](#jah34317-bib-0062){ref-type="ref"} Our GRMD LGE images showed analogous myocardial contrast enhancement. The lesions of GRMD commonly occurred in the inferior, inferolateral, and anteroseptal walls from the basal to mid‐LV levels. These lesions corresponded with hyperechoic regions seen in the LV free wall on echocardiography, as originally reported by Moise et al.[18](#jah34317-bib-0018){ref-type="ref"} Early evidence of LGE septal involvement in these dogs contrasts with the late onset of septal changes in DMD.[60](#jah34317-bib-0060){ref-type="ref"} However, as discussed earlier, strain analysis in both DMD and GRMD has shown early septal involvement. In addition, there was more diffuse LGE in the hearts of older dogs, potentially representing the combined effects of cardiac fibrosis and fatty deposition.[63](#jah34317-bib-0063){ref-type="ref"}

Notably, the nature of LGE changes differed among dogs in this study, in keeping with the variable nature of lesions in DMD patients. We were unable to fully characterize these lesions because of suboptimal image quality. Although we attempted to focus our LGE studies on the myocardium, enhancement caused by epicardial fat may have obscured some lesions. The limited number of dogs between 6 and 30 months of age restricted our ability to determine whether LGE changes predated systolic dysfunction. Further comparisons between LGE patterns and pathological results would be necessary to better characterize the distribution of fibrotic and fatty lesions among GRMD dogs. The most comprehensive, yet limited, pathological study of the GRMD cardiomyopathy showed that all dogs aged ≥1 year had fibrosis in the subepicardial region of the LV free wall, the LV papillary muscles, and the right ventricular aspect of the septum.[19](#jah34317-bib-0019){ref-type="ref"} Our results were generally consistent with these findings. Nonetheless, the suboptimal nature of the LGE images precluded us from definitively confirming that fibrosis began in the subepicardial area. The pathological results shown in Figure [5](#jah34317-fig-0005){ref-type="fig"} demonstrated fibro‐fatty infiltration in the dystrophic hearts in regions corresponding to our LGE findings.

Given unavailability of instrumentation and technical challenges, some echocardiographic and CMR imaging markers reported in this study may not be assessed by other research groups. To compensate for any missing tests, we developed a multiparametric approach to establish a "cardiac score" that considered several indexes for systolic and diastolic functions and LV chamber size. LGE results were also included, when available, to provide a "cardiomyopathy score" and additional insight on the degree of myocardial fibrosis. Because GRMD cardiomyopathy progresses at a variable rate, these scores give an index of overall disease progression and have the potential to differentiate dogs between different phenotypes.

The relationship between skeletal muscle and cardiac disease remains unclear in DMD. An early study by Heymsfield et al suggested that skeletal and cardiac muscle disease progressed at different rates.[64](#jah34317-bib-0064){ref-type="ref"} Conversely, Posner et al showed that FS correlated with quantitative muscle testing among nonambulatory DMD patients,[65](#jah34317-bib-0065){ref-type="ref"} indicating that skeletal and cardiac function were directly related. Studies from *mdx* mice have been inconclusive, with rescue of skeletal muscle having positive, negative, or no effects on cardiac function.[66](#jah34317-bib-0066){ref-type="ref"}, [67](#jah34317-bib-0067){ref-type="ref"}, [68](#jah34317-bib-0068){ref-type="ref"} In agreement with the findings of Posner et al in DMD, multiple cardiac imaging markers from our GRMD dogs, including EF, FS, and cardiac score, correlated with normalized tibiotarsal tetanic flexion torque. Dogs with more severe cardiac dysfunction had lower flexion torque values, suggesting---for the first time---a direct relationship between the decline in cardiac and skeletal muscle function in the GRMD model. Importantly, although we have not systematically assessed skeletal muscle function in adult GRMD dogs, previous studies of younger dogs have shown differential loss of extensor and flexor muscle strength over time.[41](#jah34317-bib-0041){ref-type="ref"} Therefore, it is not surprising that the cardiac indexes assessed in this study did not correlate with other skeletal muscle function tests.

GRMD colonies worldwide were derived from a golden retriever dog originally studied by our group.[43](#jah34317-bib-0043){ref-type="ref"} All of these colonies have been outbred, such that GRMD is no longer a disease of purebred GRMD dogs. Potentially because of differences in genetic background, the phenotypes of dystrophic dogs in GRMD colonies vary, with some tending to have a more severe phenotype than dogs in our original colony. For instance, dogs from the colony at Alfort in France often lose the ability to walk by 6 months,[69](#jah34317-bib-0069){ref-type="ref"} and many from the Brazilian colony at the University of São Paulo die before 2 years of age.[70](#jah34317-bib-0070){ref-type="ref"} Because of the rapidity of skeletal muscle progression in these dogs, the cardiomyopathy may not fully develop before euthanasia is required. Alternatively, use of more sensitive cardiac markers, as with myocardial velocity gradient in the French colony, could allow detection of preclinical disease.[22](#jah34317-bib-0022){ref-type="ref"}, [71](#jah34317-bib-0071){ref-type="ref"}, [72](#jah34317-bib-0072){ref-type="ref"} Unfortunately, relatively few dogs from our study had the specific imaging recording for gradient analysis. Importantly, with genetic[73](#jah34317-bib-0073){ref-type="ref"}, [74](#jah34317-bib-0074){ref-type="ref"} and cell‐based therapies,[75](#jah34317-bib-0075){ref-type="ref"} the lives of GRMD dogs could be extended, allowing for further progression of the cardiac changes. Therefore, understanding the overall natural history of this cardiomyopathy is essential for future therapeutic testing. With this increasing need, development of the multiparametric cardiac and cardiomyopathy scores should increase the likelihood that results from GRMD studies can be extrapolated among the different colonies worldwide. These scores also provide a standardized method to categorize the severity of the GRMD cardiomyopathy without strict consideration of age. Based on our results, cardiac and cardiomyopathy scores of 1.39 to 4.65 and 2.19 to 6.61, respectively, would be the appropriate stage of disease for preclinical cardiac testing. The image quality, availability of CMR and LGE, and study focus would dictate which score would be appropriate for the study.

Although this study substantially advanced our understanding of the natural history of GRMD cardiomyopathy, several limitations exist. By design, only adult dogs were assessed, precluding characterization of the early disease course. Although the study included more dogs and a broader set of imaging modalities than previous studies, the relatively small number of dogs and the phenotypic variation typical of GRMD limited statistical power. The low numbers of dogs also kept us from subdividing dogs into different groups based on cardiac phenotype. In keeping with phenotypic variation, dogs with mild cardiomyopathy could potentially live longer, which would cause overall disease severity to be underestimated. Furthermore, echocardiographic interpretation was compromised in severely affected dogs by their postural changes and irregular cardiac rhythms. Some LGE images collected early in the study were of suboptimal quality because of our need to refine the technique, thus limiting interpretation of myocardial lesions and the semiquantitative analysis.

Conclusions {#jah34317-sec-0032}
===========

This study defined the natural history of echocardiographic and CMR findings in adult GRMD dogs with cardiomyopathy. Systolic function was progressively lost, as shown particularly by declining EF and FS and worsening circumferential strain. Thirty to 45 months was the age range at which systolic dysfunction occurred, potentially providing a time when prophylactic therapies could be studied. Circumferential strain was more sensitive than EF in detecting early echocardiographic changes. The regions of LGE in CMR generally corresponded to those of DMD, with evidence of LV lateral wall lesions and even earlier involvement of the anterior septum in GRMD. A multiparametric cardiac scoring system was developed to allow findings to be extrapolated to other GRMD colonies and to provide an index of disease severity without strict consideration of age. Moreover, tibiotarsal joint tetanic flexion torque was progressively lost in tandem with a decline of cardiac function, establishing a relationship between skeletal muscle and cardiac disease. Taken together, this study established remarkable parallels between the progression of cardiomyopathy in dystrophic dogs and boys, further validating GRMD as a model of DMD cardiac disease.
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